Formation of inner-shell autoionizing CO™ states below the CO™" threshold
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We report a kinematically complete experiment on the production of COT autoionizing states
following photoionization of carbon monoxide below its vertical double ionization threshold. Mo-
mentum imaging spectroscopy is used to measure the energies and body-frame angular distributions
of both photo- and autoionization electrons, as well as the kinetic energy release (KER) of the
atomic ions. This data, in combination with ab initio theoretical calculations, provides insight into
the nature of the cation states produced and their subsequent dissociation into autoionizing atomic

(O™) fragments.

PACS numbers: 33.80.Eh

Because of the long-range repulsive Coulomb inter-
action between singly charged ions, the vertical dou-
ble ionization thresholds of small molecules generally lie
above the dissociation limits corresponding to formation
of singly charged fragments. This leads to the possi-
bility of forming singly charged molecular ions by pho-
toabsorption in the Franck-Condon region at energies be-
low the lowest dication state, but above the dissociation
limit into two singly charged fragment ions. These singly
charged molecular ions can emit a second electron by au-
toionization, but only at larger internuclear separations
where the ionic state crosses into the electron+dication
continuum. This process has been termed indirect double
photoionization and was observed some time ago in HoO
by Winkoun et al. [1] and in CO by Lablanquie et al. [2]
and has continued to attract the attention of theorists
and experimentalists alike. Much of this work has fo-
cused on identification of the atomic (generally oxygen)
autoionizing states which are populated in the indirect
double photoionization process [3, 4], but comparatively
less is known about the character of the singly ionized
states initially produced [5]. This is hardly surprising
since the independent-particle (Koopmans’) description
generally breaks down for inner-valence singly charged
ions. Since these states are characterized by strong con-
figuration mixing and numerous curve crossings [6], the
inner valence regions of molecular ions continue to be
a challenging subject both experimentally and theoreti-
cally.

In this work, single CO molecules were irradiated with
a 43 £.010 eV beam of soft x-rays from the Advanced
Light Source. A COLTRIMS (COLd Target Recoil Ion
Momentum Spectroscopy) [7] setup was used to perform
a kinematically complete experiment by measuring the
3D momenta of all fragments - photo- and autoioniza-
tion electrons as well as the CT and OT ions - in co-
incidence. The setup is similar to the one described in
ref. [8]. In brief, the focused linearly polarized photon
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FIG. 1: (Color online) Left: 2D plot of the sum energy of the
two electrons versus the translation energy of the ion frag-
ments. Photon energy is 43 eV. Right: two dimensional plot
of the energy of one electron versus the second electron. The
figure is symmetric, but not mirrored, with respect to a 45 de-
gree line passing through the origin. The intense vertical and
horizontal lines correspond to monoenergetic autoionization
electrons.

beam is crossed with a supersonic beam of CO molecules.
Electrons and ions created in the interaction volume are
guided by an electrostatic field of 4 V/cm and a paral-
lel homogeneous magnetic field of 4.5 Gauss towards two
80 mm diameter large active area sensitive channel plate
detectors equipped with delay-line position readout [9].
Additionally, McLaren-type time focussing was employed
on the electron and the ion arm of the spectrometer. The
length of the drift regions on both sides of the interaction
volume are designed to yield 47 solid angle collection for
electrons up to 6 eV and ion KER up to 6 eV.

The total energy of the photon will be divided among
the two electrons, the ion translational energy and the
final asymptotic energy of the dissociated fragments. In
Fig. 1 we show the sum energy of the electrons (horizon-
tal axis) versus the kinetic energy release (KER) of the
fragment ions (vertical axis). The intense 45° line has a
KER asymptote of ~7 eV corresponding to an asymp-
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FIG. 2: KER spectrum of the ion fragments. There is a
one-to-one correspondence between the kinetic energy release
and the transition energy to the excited CO*™ in the Franck-
Condon region.

totic fragment energy of 36 eV (43 eV photon energy
-7 eV) for the dissociated molecular dication CT + OT.
This asymptotic energy corresponds to having both ions
in their ground states. We observe that there is marked
structure along the intense line in the 2D plot. With
the exception of the little island at the top left corner
in the plot, which corresponds to direct double ioniza-
tion through low-lying states of CO™™, all the states that
are populated vertically in the Franck-Condon region are
highly excited cationic states that lie below the lowest
state of the dication but above the asymptotic limit of
CT + O7% in their ground states. In other words, the
majority of the dissociation to the asymptotic dication
C* + O starts in the Franck-Condon region as a highly
excited cation CO**. Indirect double ionization proceeds
through an autoionization process. This is clearly seen in
the right panel of Fig. 1 where we plot the energy of one
electron versus the energy of the other. One observes pre-
dominant vertical (or horizontal) lines that correspond
to monoenergetic autoionization electrons; we have con-
firmed their energy to be independent of photon energy.
This observation is in good agreement with the observa-
tions reported in ref. [4]. Note that the electron resolu-
tion in the present experiment is about 100 meV, thus
easily separating the lines at 0.5 eV, 0.8eV and 1.7 eV,
but is insufficient to resolve the substructure in the lines
themselves, as done in ref. [4].

Figure 1 shows a linear dependence between the sum
energy of the two electrons (photoelectron + autoioniza-
tion electron) and KER. In this experiment we measure
the kinetic energy release with better resolution than the
electron energy. Making use of this better resolution, we
show in Fig. 2 the kinetic energy release spectrum ob-
tained by projecting the data in Fig. 1 (left panel) onto
the KER axis. There is also a linear dependence between
KER and the vertical transition energy to excited CO*™
in the Franck-Condon region, which is shown at the top
horizontal axis. The KER spectrum exhibits three broad
regions. Region 1, with KER less than 4 eV (or below 40
eV for the transition energy) exhibits marked structure
with discrete peaks. Region 2, with KER between 4 and
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FIG. 3: (Color online) Molecular-frame photo- and autoion-
ization electron angular distributions for indirect double ion-
ization of CO in region 1. The molecule is oriented horizon-
tally with the oxygen located on the left. The energy bands
selected are shown in the KER spectrum in the top right
panel. Left column: 37.5 eV band; middle column: 39.3 eV
band. Autoionization distributions are shown in the two top
panels. Middle row : measured and calculated MFPADs for
perpendicular photon polarization. Bottom row: measured
and calculated MFPADs for parallel polarization.

5 eV, is characterized by a broad smooth peak. Region
3, with KER greater than 5 eV and transition energies
above 41.5 eV, corresponds to the direct double ioniza-
tion region. We find the distributions of photoelectrons
produced in regions 1 and 2 to be markedly different. In
order to gain insight into the electronic states that are
involved in these two regions we will present below the
molecular-frame photoelectron angular distribution mea-
sured in regions 1 and 2 for photon polarization both
parallel and perpendicular to the molecular axis.

Figure 3 shows measured photo- and autoionization
electron angular distributions in region 1 taken with 43
eV photon energy. The measured values displayed in-
clude distributions from electrons in ~0.5 eV bands cen-
tered near transition energies 37.5 eV and 39.3 eV, corre-
sponding to photoelectron energies of 5.5 eV and 3.7 eV,
respectively. We believe that the region 1 data supports
the assumption that among the initially produced CO™
ions are two inner-valence states created by removal of
a 30 (O 2s) electron. This interpretation is at odds
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FIG. 4: (Color online) Measured MFPADs for indirect double
ionization of CO in region 2. Data plotted is for an ~.5 eV
band at 40.8 eV. Left: perpendicular photon polarization;
right: parallel polarization. The molecule is shown horizontal
with the oxygen located on the left.

with that reached by Hikosaka et al. [3], who concluded
that the CO™ states in the 38 eV region must be Ryd-
berg states associated with the low-lying CO*™ dication
states, since they support discrete vibrational levels, in
contrast to the inner-valence ion states which were as-
sumed to be purely dissociative. The latter assumption
was based on earlier theoretical calculations by Baltzer et
al. [10] who found all valence excited CO™ states above
30 eV to be dissociative.

The first piece of theoretical evidence that supports
an inner-valence CO™ state mechanism comes from cal-
culations of the molecular-frame photoelectron angular
distribution (MFPAD) for 30 ejection. We obtain pho-
toionization amplitudes from ab initio calculations using
a single configuration Hartree-Fock wave function for the
neutral CO target and a final continuum state computed
at the single-channel static-exchange level by using neu-
tral orbitals to describe a CO™ ion with a 30 vacancy.
We used the complex Kohn variational method to gen-
erate the molecular continuum wave functions [11, 12].
The basis sets employed here are the same as those used
in our earlier calculations on valence photoionization of
CO [11]. The calculations were performed at the equilib-
rium internuclear separation of neutral CO (1.13A).

Figure 3 shows our calculated MFPADs, which were
carried out at 4.0 eV photoelectron energy. Results are
shown for linear photon polarization both parallel and
perpendicular to the molecular axis. The photoelec-
tron angular distributions shown in the two lower rows
of Fig. 3 exhibit very characteristic lobes that can be
directly compared to the theoretical calculations. Evi-
dently, the calculated photoelectron distributions are in
reasonably good agreement with the measured values.
For parallel polarization, theory and experiment both
show a propensity for photoejection along the molecu-
lar axis directed toward the oxygen side of the molecule,
as well as minor lobes near +60° from the CO axis.
For perpendicular polarization, theory and experiment
both show a four-lobed photoelectron angular distribu-
tion, with a propensity for ejection again on the oxygen
side.

The angular distributions of the autoionization elec-
trons, shown at the top of Fig. 3 for horizontal polariza-
tion, are featureless. This is very different from the situ-
ation reported [13] for dissociation of Oy into O+O* by
22.36 eV photons, which produces asymmetric autoion-
ization electron distributions, and it implies that in the
present case the atomic autoionization is taking place at
large internuclear separation, in line with the results of
our calculations discussed below.

Figure 4 shows measured parallel and perpendicular
angular distributions in region 2 for photoelectrons cor-
related with the C* + OT channels, again with 43 eV
photon energy but for photoelectrons associated with the
band near 40.8 eV transition energy. These distributions
are strikingly different from the region 1 data shown in
Fig. 3, suggesting that this band does not arise from an
inner-valence CO™ excited state, since the changes occur
over a very narrow range of energy (less than 0.5 eV wide)
at the border of the two regions (40.2 eV). The difference
is particularly visible in the perpendicular polarization.
In region 2 the two prominent lobes point to the car-
bon side (right), while over a broad range spanning all of
region 1, the two lobes point to the oxygen side . Pho-
toionization in region 2 most likely involves excitation of
a number of closely spaced Rydberg CO™ states just be-
low the threshold for direct double ionization. This will
be further discussed in a separate publication.

Attempts to theoretically characterize inner-valence
COT™ states are complicated by the fact that the states
above 30 eV show strong mixing between 30!, doubly-
excited valence and Rydberg configurations. The po-
tential energy curves resulting from a “brute-force” ap-
proach to the problem show numerous crossings and, in
the absence of detailed non-adiabatic couplings, it is diffi-
cult to determine which crossings are avoided. We there-
fore opted for a more intuitive approach to the problem,
with a set of restricted configuration-interaction (CI)
calculations designed to highlight the essential inner-
valence/Rydberg mixings. A molecular orbital basis for
the calculations was constructed from a triple-zeta set
of contracted Gaussian functions for both C and O [14],
augmented with additional s- and p-type functions (or-
bital exponent=0.03) on the oxygen. First we perform a
complete-active-space multi-configuration self-consistent
field (MCSCF) calculation on the 3II state of CO*T,
which generates ten reference orbitals. To this set we
added oxygen atomic-like 3s and 3p orbitals by orthog-
onalizing the diffuse oxygen-centered Gaussians to the
other reference orbitals. The virtual orbital space in-
cludes a complementary set of functions constructed from
the original set of contracted Gaussian functions. For the
CI calculations on CO™T, a set of reference configurations
associated with the inner-valence states is generated by
singly-occupying the 3o orbital and distributing the other
12 electrons over the remaining 9 MCSCF orbitals. A
corresponding set of Rydberg configurations is chosen by
singly-occupying a diffuse oxygen orbital and distribut-
ing the remaining electrons among the MCSCF orbitals,
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FIG. 5: (Color online) Calculated CO"' potential energy
curves.

keeping the 30 orbital doubly occupied. We then include
single excitations from the reference configurations into
the virtual orbital space, with the restriction that there
never be more than one electron in a diffuse orbital. In
all configurations, the core O and C 1s orbitals were kept
doubly-occupied. With this prescription, the CI calcula-
tions, which were performed in Cs, symmetry, included
~21,000 configurations in overall 2A; symmetry. A sim-
ilar prescription for calculations on the *II ground-state
of COTT gives ~12,500 configurations.

The calculated CO™ potential curves relevant to
this discussion are plotted in Fig. 5. The point at
R=1.13A near the top is our calculated value for the
311 ground-state of CO**, which we place at 41.56 eV,
relative to the equilibrium value of neutral CO, based on
the accurate calculations of Eland et al. [15]. There are
numerous crossings among the calculated CO™T states.
To arrive at the plotted curves, we examined the dom-
inant CI coefficients as a function of R, allowing states
to cross if there was little interaction, but following the
adiabatic curve otherwise [6]. We do find two YT CO™
states with predominantly 30~! character in the Franck-
Condon region, shown as solid curves in Fig. 5. At
R=1.13A, their transition energies are 37.3 and 38.5 eV,
respectively, which places them both within region 1.
The 30~! character of both states decreases with in-
creasing R as they take on more O 3s Rydberg char-
acter. The upper inner-valence state correlates directly

with C* 2P + autoionizing O*(2p?(?P)3s),3P. Its double-
well structure and the deep well centered near 1.5 A sug-
gest that its parent dication state is the excited d'XT
state of CO** [15]. The lower inner-valence state cor-
relates to CT + O*(2p3(2D)3s),'D, which is below the
dication asymptote. However, the two states cross near
1.4A and 2.1A, so both states could feed the O* autoion-
izing state. Finally, the calculations also show a Rydberg
CO™ state of 2XT symmetry, whose parent dication is
the lowest X1 state of CO*+, that lies between the two
inner-valence states. Photoionization which populates
the lower vibrational levels of this state could explain
the sharp features that overlay the region 1 background.

In summary, we believe that the broad indirect double
ionization band in CO centered about 39 €V is initiated
by creation of inner-valence 30~ CO™ states that disso-
ciate to CT 4 O* fragments. The most compelling evi-
dence for this assignment comes from a comparison of our
measured and theoretically calculated molecular-frame
photo-electron angular distributions. Further evidence is
provided by multi-reference configuration-interaction cal-
culations which show two 2% COT* states with oxygen
2s-hole character in the Franck-Condon region. These
states take on predominantly Rydberg character at larger
internuclear distances. The calculations also suggest that
population of vibrational levels of an electronically ex-
cited Rydberg CO™ state may well explain the discrete
bands seen in the experimental data. Finally, an elemen-
tary calculation based on the ~0.5 eV energy difference
between autoionizing O* and ground-state O% and the
asymptotic shapes of the CO** (flat) and CO** (1/R)
potential curves suggests that CO™* can only autoion-
ize at internuclear distances larger than 25 A, making it
an ideal candidate for two-color pump-probe experiments
with ultrashort-pulse, soft x-ray lasers. The results pre-
sented here will aid in the interpretation of current and
planned pump-probe experiments aimed at further char-
acterizing the time-dependence of indirect double ioniza-
tion.
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